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Abstract
We report on a laser based 199Hg co-magnetometer deployed in an experiment searching for a permanent
electric dipole moment of the neutron. We demonstrate a more than five times increased signal to-noise-ratio
in a direct comparison measurement with its 204Hg discharge bulb-based predecessor. An improved data
model for the extraction of important system parameters such as the degrees of absorption and polarization is
derived. Laser- and lamp-based data-sets can be consistently described by the improved model which permits
to compare measurements using the two different light sources and to explain the increase in magnetometer
performance. The laser-based magnetometer satisfies the magnetic field sensitivity requirements for the next
generation nEDM experiments.
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1. Introduction
The search for a permanent electric dipole mo-
ment of the neutron (nEDM, dn) is considered one
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of the most important experiments in low-energy
particle physics [1]. Any permanent electric dipole
moment (EDM) violates parity P and time-reversal
symmetry T. Invoking the CPT theorem (C charge
conjugation symmetry), an EDM also violates CP
symmetry, an ingredient needed to explain the ob-
served matter-antimatter asymmetry of the Uni-
verse [2]. This motivates EDM searches in molecu-
lar or atomic systems, nucleons, and bare leptons.
A detailed review of the sensitivity provided by the
different systems to the underlying physics can be
found in [3]. The neutron as bare nucleon offers di-
rect access to its EDM without being embedded in
a more complex electronic or nuclear structure.
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The latest experimental limit dn ≤
3× 10−26 e · cm (90 % CL) [4], a reanalysis of
the data of Ref. [5], constrains the theta pa-
rameter in quantum chromodynamics (QCD) to
θQCD ≤ 10−10 and rules out many models for
physics beyond the Standard Model [6].
A widely used approach in the search for dn is
to measure the spin precession (Larmor) frequency
of confined ultra-cold neutrons (UCN) exposed to
a superposition of an electric E and magnetic B0
field configuration by applying Ramsey’s method of
separated oscillatory fields [7]. A non-vanishing dn
leads to a linear dependence of the neutron spin
precession frequency ωn on |E|
ωn =
2µn|B0|
~
± 2 dn|E|
~
= γn|B0| ±∆ωEDM(|E|)
(1)
where µn is the magnetic dipole moment of the neu-
tron, γn is the gyromagnetic ratio of the neutron
and ~ the reduced Planck’s constant. The sign of
the EDM effect ∆ωEDM depends on the relative ori-
entation of E and B0 fields. The EDM result is
gained from a large number of experimental cycles
that each represent one measurement of ωn. The
signature of an existing dn is a correlation of ωn
with the relative orientation of E and B0 which is
periodically reversed.
Current nEDM experiments use UCN which have
a low kinetic energy and undergo total reflection
under all angles of incidence from suitable wall ma-
terials due to the coherent neutron-nucleus inter-
action [8]. This allows the confinement of UCN in
material storage vessels to perform spin precession
experiments with hundreds of seconds free preces-
sion time.
The nEDM experiment that was installed at
PSI’s high intensity UCN source [9, 10, 11, 12] used
a one chamber setup to measure ωn for UCN ex-
posed to a parallel and anti-parallel field config-
uration sequentially in time. Instabilities of the
magnetic field δB led to increased statistical un-
certainties in the measurement of ωn and limited
the experimental sensitivity to dn until a mercury
co-magnetometer was introduced to the search for
an nEDM [13]. The co-magnetometer is based on
spin polarized 199Hg atoms that are admitted to
the same volume as the UCN to measure simulta-
neously the magnetic field experienced by the neu-
trons. Using the measured Larmor frequency ωHg of
the 199Hg atoms, ωn can be corrected for magnetic
field changes that occur from one measurement cy-
cle to the next.
While the statistical sensitivity to dn can be im-
proved by increasing the number of UCN with new
high density UCN sources [14], the magnetic field
monitoring has to be improved at least at the same
scale. Here we demonstrate a factor of five in-
creased magnetic sensitivity of a laser-based 199Hg
co-magnetometer in direct comparison with its pre-
decessor which utilized discharge bulbs as light
sources. In order to be certain that the main rea-
son for improvement was the choice of light source
and not the Hg polarization, we kept the Hg po-
larization apparatus the same, while changing the
magnetometry light source. We then constructed
a semi-empirical model that encodes potential im-
perfections in the light source spectrum due to non-
magnetometer (vanishing nuclear spin) isotopes of
Hg as well as exotic effects that reduce the expected
light-atom interaction cross section into two param-
eters alpha and beta. For an ideal source, such as
a UV laser, these two parameters are unity. For
a non-ideal light source, such as a discharge lamp,
we show that these two parameters are consider-
ably different than unity and, if unaccounted for,
could be misinterpreted as low Hg atomic polariza-
tion. This was indeed the case before this work and
led to fruitless efforts to increase the apparent Hg
atomic polarization in a variety of ways. We show
conclusively that the Hg atomic polarization is ac-
tually high, as expected, and that the spectrum of
the UV laser behaves much more like as ideal source
which directly led to improved magnetometer sen-
sitivity.
2. 199Hg co-magnetometer requirements
We define the Larmor precession frequency of
199Hg atoms in analogy to (1)
ωHg = γHg|B0|. (2)
The gyromagnetic ratios of 199Hg atoms γHg/2pi =
7.590 115 2(62) Hz/µT [15] and neutrons γn/2pi =
29.164 693 3(69) Hz/µT [16] result in corresponding
Larmor frequencies in the |B0| ≈ 1 µT magnetic
field used in our nEDM spectrometer.
Magnetic field drifts, from one measurement cy-
cle to the next, shift ωn but a corrected frequency
ω∗n
ω∗n = ωn −
γn
γHg
ωHg, (3)
2
can be obtained from the magnetic field measured
with the 199Hg co-magnetometer. Under ideal con-
ditions ω∗n is independent of magnetic field changes
but keeps its sensitivity to dn. As the UCNs and
the Hg atoms form two independent magnetome-
ter systems (up to the common magnetic field) the
statistical uncertainties of ωn and ωHg propagate to
ω∗n
δω∗n =
√
δω2n +
(
γn
γHg
δωHg
)2
(4)
= δωn C (5)
with
C =
√
1 +
(
δωHg/ωHg
δωn/ωn
)2
(6)
Here C represents the increase of statistical uncer-
tainties due to the correction of ωn using ωHg. An
acceptable increase of not more than 5% means that
the relative uncertainty on ωHg has to fulfill
δωHg
ωHg
=
δB
|B0| <
1
3.1
δωn
ωn
. (7)
For one measurement cycle, the smallest statisti-
cal uncertainty on ωn that the nEDM experiment
at PSI achieved in the 2015 and 2016 data runs is
given by δωn/ωn = 0.25 ppm. This leads to a maxi-
mum acceptable statistical uncertainty on ωHg of
δωHg/ωHg < 0.08 ppm. In order to achieve this
goal the magnetometer needs to provide an abso-
lute magnetometric resolution of δB < 80 fT in one
experimental cycle. The eight times improved dn
sensitivity aimed for in the next generation nEDM
experiment at PSI, n2EDM, requires the 199Hg co-
magnetometer to provide a measurement uncer-
tainty below 10 fT.
3. Experimental setup
Figure 1 shows the experimental setup and is re-
stricted to the components relevant to the 199Hg
co-magnetometer of the nEDM experiment. A de-
tailed description of the complete nEDM setup at
PSI can be found in [17]. The magnetometer setup
was mounted in the vacuum tank of the experiment
and was exposed to a B0 ≈ 1 µT bias magnetic field
parallel to the axis of the cylindrical UCN storage
chamber. In the following subsections we discuss
the details of the magnetometer components rele-
vant to its operation. In subsection 3.1 we present
a
b
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Figure 1: The polarizing system of the 199Hg co-
magnetometer in combination with a single beam absorptive
detection scheme. a) 199Hg source, b) light source, c) lens,
d) linear polarizer, e) λ/4-plate, f) polarisation chamber, g)
UCN precession chamber, h) photo detector, i) UCN guide,
j) UCN shutter, k) 199Hg shutter, l) HV and ground elec-
trodes. Not shown are the windows in the vacuum tank of
the nEDM setup. The setup is to a large extent based on
the hardware described in [13].
the relevant properties of mercury. The properties
of the different light sources in use are discussed
in subsection 3.2. The 199Hg polarization chamber
and the optical pumping process will be addressed
in subsection 3.3. Finally we discuss the UCN pre-
cession chamber where the magnetometry signal is
generated and the light detection system in subsec-
tion 3.4.
3.1. Relevant Properties of Mercury
The 199Hg isotope has several distinct advantages
over other atomic species that can possibly serve
as co-magnetometer e.g. 3He or 129Xe. The di-
rect frequency shift of the 199Hg Larmor frequency
due to an EDM of the 199Hg atoms is negligible as
d199Hg ≤ 7.4× 10−30 e · cm (95 % CL) is the most
stringent limit on the EDM of any particle to date
[18]. The high vapor pressure at room tempera-
ture provides an easy path to produce an optically
dense vapor column which does not affect the UCN
storage time due to the the low neutron absorp-
tion cross section of Hg. Furthermore, Hg is the
only element for which direct optical detection of
nuclear magnetic resonance (ODNMR) has been
demonstrated without the use of laser cooling and
trapping of atoms in their ground electronic state.
Mercury is chemically very inert compared to the
alkali metals, as e.g. used in the Cs-magnetometer
array installed above and below the UCN preces-
sion chamber. Therefore Hg can be admitted to
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Figure 2: Lowest electronic states for the 199Hg isotope (top)
and even isotopes (bottom). The wavelength of the transi-
tion 6 1S0 → 6 3P1 is 253.7 nm. The 199Hg isotope shows
hyperfine splitting in the first excited state due to its nuclear
spin I = 1
2
. The even isotopes possess no nuclear spin and
thus no hyperfine structure. The squared Clebsch-Gordan-
coefficient for each transition is given next to the transition
arrow.
the UCN precession chamber as co-magnetometer
species without the wall coatings required for al-
kali metals that would compromise the UCN stor-
age properties of the UCN precession chamber.
The electronic ground state configuration of Hg
is [Xe]4f145d106s2 in which the two 6s electrons
are paired up in the 6 1S0 term to form a diamag-
netic atom. Figure 2 shows the lowest lying elec-
tronic levels for the even isotopes and for 199Hg.
The 253.7 nm intercombination line connects the
6 1S0 spin singlet ground state to the 6
3P1 spin
triplet excited state. The 199Hg levels show hyper-
fine splitting due to the nuclear spin I = 12 while
the electronic levels of the even isotopes remain un-
split due to I = 0. The squared Clebsch-Gordan-
coefficients that determine the coupling between
the different mF states are also given in Fig. 2.
For right-circularly polarized light (∆mF = +1) the
6 1S0,mF = +
1
2 state in
199Hg is a dark state for
the 6 1S0, F =
1
2 → 6 3P1, F = 12 transition as the
atom cannot absorb the angular momentum of the
photon. By the same argument the 6 1S0,mF = − 12
state in 199Hg is a dark state for left circularly po-
larized light (∆mF = −1). This dependence of the
absorption cross section on the relative orientation
of the photon and atom angular momenta is the
basis for the optical pumping and the detection of
spin precession as described in the next subsections.
Further physical properties of the 199Hg enriched
sample used in this study are given in [19].
3.2. Light sources
Traditionally 204Hg discharge lamps have been
used in the 199Hg co-magnetometer of the nEDM
experiment to provide the 253.7 nm deep ultra-
violet light necessary for the optical pump and
probe cycle.
In recent years frequency quadrupled diode laser
systems have become commercially available. This
study compares the performance of the 199Hg co-
magnetometer for these two fundamentally differ-
ent types of light sources used to detect the spin
precession of polarized 199Hg atoms.
3.2.1. 204Hg discharge bulbs
The 204Hg discharge bulbs, glass blown from
a quartz glass tube, have a flat head (diameter
≈ 10 mm) and an extension tail. The bulbs were
first evacuated, then filled with argon buffer gas
and a small amount of metallic mercury, enriched to
90 % in 204Hg, before being sealed. For operation,
an electrodeless RF discharge is ignited in the bulb
which is mounted inside a temperature stabilized
microwave cavity running at 2.4 GHz. Mercury
atoms are excited in the plasma and relax to the
electronic ground state by emission of 253.7 nm res-
onant light (see Fig. 2). The emission line of 204Hg
overlaps within the Doppler width (νD ≈ 1 GHz at
T = 298 K) with the 6 1S0, F =
1
2 → 6 3P1, F = 12
transition in 199Hg but does not show hyperfine
splitting (I = 0). Therefore a 204Hg bulb is a conve-
nient light source to manipulate the nuclear (total)
spin of 199Hg atoms. Under typical operation con-
ditions the 204Hg discharge bulb emits ≈ 20 µW of
UV light distributed over the emission lines of all
the Hg isotopes contained in the bulb. The dis-
charge bulbs normally operate close to the photon
shot noise limit. A detailed discussion of the emit-
ted light spectrum is given in Sec. 8.1.
3.2.2. UV laser system
Alternatively, the resonant light can be pro-
vided by a high power, deep ultra-violet, frequency
quadrupled diode laser system (FHG, [20]) that has
been commissioned at PSI as an accurately control-
lable light source. The FHG delivers up to 25 mW
of optical power around 253.7 nm and can be fre-
quency tuned, mode hop free, over a frequency
range wider than the distance between the two res-
onance lines in 199Hg (∆f ≥ 22 GHz). The laser
was frequency stabilized to a MHz line width using
a sub-Doppler Dichroic Atomic Vapor Laser Lock
4
(SD-DAVLL, [21, 22]). As there was no appropriate
setup area for the laser available next to the nEDM
experiment, the UV light has been transported in
50 m long, solarization resistant, multi-mode fibers
(diameter 600µm or 200 µm, NA = 0.22 [23]) from
a laser laboratory to the nEDM setup. Light power
levels have be varied between 2µW and 15 µW but
kept as low as possible to slow the solarization pro-
cess of the fibers.
3.3. Optical pumping
The optical pumping of the 199Hg atoms was
performed in the polarization chamber, a cylin-
drical volume (ID 73 mm, length 287 mm) coated
with perfluorinated paraffin to reduce wall-induced
spin relaxation [24], below the grounded electrode
of the UCN precession chamber (see Fig. 1). The
Hg atoms were continuously produced in the 199Hg
source (a) outside the magnetic shield of the nEDM
experiment. The source thermo-dissociates HgO,
with a highly enriched 199Hg content, into Hg and
O atoms. The Hg atoms travel via a thin tube
(ID 4 mm) to the polarization chamber ((f), Vpol =
1000 cm3 volume) where they are illuminated with
resonant light from a 204Hg discharge bulb (b) in-
stalled outside of the magnetic shield. Atomic den-
sities up to 7× 1015 cm−3 in the polarization cham-
ber have been used in this study in order to achieve
the desired light absorption in the UCN precession
chamber. The light enters the vacuum tank through
a focusing lens ((c), f = 140 mm) which also acts as
the vacuum window. The light beam travels (anti)
parallel to the main magnetic field and passes a
linear polarizer (d) and a quarter wave plate (e)
with its axis under 45◦ relative to the plane of the
linear polarizer The spins of the 199Hg atoms be-
come spin polarized (anti-)parallel to the magnetic
field direction by optical pumping ([25], see Figure
2). As can be seen from Fig. 2 it takes on aver-
age three photons to transfer a 199Hg atom from
the mF = − 12 state to the mF = + 12 via the
6 1S0, F =
1
2 → 6 3P1, F = 12 transition. The il-
lumination time is determined by the overall cycle
length of an nEDM measurement cycle and is be-
tween 100 s and 350 s.
3.4. Precession Chamber
The magnetometry signal is created in the UCN
precession chamber (Fig. 1 g, diameter d = 470 mm,
height l = 120 mm ) which is formed by a bottom
and a top electrode and an insulating cylinder made
from polystyrene. The insulator ring is coated on
the inside with deuterated polystyrene (dPS) [26].
The aluminum electrodes are coated with diamond-
like-carbon which guarantees high quality storage
properties for the UCN [27]. The detection light
beam for the 199Hg magnetometer is either provided
by a second 204Hg discharge bulb (b) or the new
laser system outside of the magnetic shield. The
light passes a collimating lens (c), a linear polar-
izer (d) and a quarter wave plate (e) (with its axis
oriented under 45◦ relative to the plane of linear
polarization) before it enters and leaves the UCN
precession chamber through two UV grade fused
silica (UVFS) windows in the insulator ring. These
UVFS windows are coated on the inner side with
UV transparent deuterated polyethylene (dPE) to
provide good neutron storage properties [26]. The
probe light beam is detected on the photocathode
of a photomultiplier tube (PMT). The polarized Hg
vapor is released into the precession chamber after
the UCN have been filled and the UCN shutter (j)
has been closed. After the free precession period
of the nEDM measurement cycle the Hg atoms are
evacuated when the UCN shutter is opened again
to guide the UCN to the UCN detector [28, 29].
4. Free spin precession signal
In order to measure the Larmor frequency of the
199Hg atoms a free spin precession (FSP) signal is
initialized by a pi/2 pulse. A typical signal of the
199Hg co-magnetometer recorded with a DC cou-
pled PMT is shown in Figure 3. The detected sig-
nal level I is proportional to the photon flux im-
pinging on the sensitive area of the PMT. The sig-
nal level without Hg in the precession chamber, I1,
is determined shortly before the Hg-shutter valve
is opened (at t ≈ 8 s in Fig. 3, (k) in Fig. 1) for
2 s to release polarized 199Hg atoms into the pre-
cession chamber. The detector signal is reduced
to the level I2 due to the light absorption by Hg
atoms. A circularly rotating magnetic field at ωHg
is applied perpendicular to the main magnetic field
for 2 s (pi/2 pulse). This magnetic resonance pulse
flips the atomic spins into a superposition of their
mF = ±1/2 states which precesses in the plane per-
pendicular to the main magnetic field. The obser-
vation time T for the FSP starts at the end of the
pi/2 pulse.
A lower limit for the statistical uncertainties
of the 199Hg FSP magnetometer is given by the
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Figure 3: A typical DC-coupled signal of the photon detec-
tor in the 199Hg co-magnetometer. The I1 signal level is
determined without Hg in the precession chamber. After
the release of Hg atoms into the chamber the I2 signal level
is measured. A pi/2 pulse is applied to start the Larmor
precession of the 199Hg atoms in the magnetic field. The
observation of free induction decay starts at the end of the
pi/2 pulse .
Cramer-Rao lower bound [30] that reads for suf-
ficiently high sampling rates:
δB ≥
√
12
γHg
as
ρ T
3/2
√
e2/r − 1
3r3 (cosh (2/r)− 1)− 6r︸ ︷︷ ︸
D(r)
(8)
where as = (I2,max − I2,min)/2 is the initial signal
amplitude measured in V (see Fig. 3 and (17)), ρ
the noise spectral density measured in VRMS/Hz
1/2,
T the observation time and γHg the gyromagnetic
ratio of the 199Hg atoms. In this calculation a white
amplitude noise spectrum and a constant signal fre-
quency is assumed. The factor D(r) takes into ac-
count the exponential decay of the signal with a
characteristic decay time τ and depends only on
the ratio r = τ/T . For typical values of our cur-
rent nEDM experiment T = 180 s and τ = 100 s it
computes to D = 2.5. Using this factor, the ini-
tial signal-to-noise-density-ratio (SNDR) as/ρ for
the 199Hg co-magnetometer has to be larger than(
as
ρ
)
nEDM
≥ 960 V
V/
√
Hz
(9)
for the nEDM experiment and(
as
ρ
)
n2EDM
≥ 7700 V
V/
√
Hz
(10)
for the n2EDM experiment to achieve the sensitiv-
ity requirements outlined in Sec. 2. Since we use the
noise density in the ratios above, they have a unit of√
Hz. We chose this definition since it simplifies (8)
and makes our results independent of measurement
bandwidth.
5. Signal model
In routine operation, the performance of the
199Hg co-magnetometer can be assessed and opti-
mized by a small set of parameters like the mea-
sured light absorption in the Hg vapor, the FSP
signal contrast, and the FSP signal decay time τ .
An improvement of the Hg co-magnetometer can
be achieved by increasing the atomic polarization
P of the Hg vapor. To correctly determine the
atomic polarization, a detailed model of the FSP
signal generation is necessary. A first FSP signal
model for an absorption type measurement was in-
troduced in [13]. In our experiments it has become
necessary to extend this initial model significantly
since it is only valid for small FSP signal ampli-
tudes and does not take into account the isotopic
composition of the mercury vapor nor absorption
cross section modifications as discussed in Subsec-
tion 8.1. A typical FSP signal is shown in Fig. 3.
We first derive the FSP signal amplitude and then
give expressions for the atomic polarization as a
function of the measured quantities.
5.1. Signal amplitude
The initial light level I1 (see Fig. 3) is reduced
according to Beer’s law to
I2 = (I1 − Ioffset) e−n199 σ199,1/2 d β + Ioffset (11)
after the 199Hg enriched vapor with a 199Hg num-
ber density n199 was filled into the precession cham-
ber. The leakage of Hg atoms from the precession
chamber was found to be negligible on the time
scale of the measurement and thus n199 was as-
sumed to be constant after the initial filling. Since
the detection light traverses the precession chamber
along its diameter, d, perpendicular to the atomic
spin polarization, the light absorption cross sec-
tion for unpolarized monochromatic light has to
be used. For unpolarized light on resonance with
the F = 1/2 transition for 199Hg the cross section
is denoted by σ199,1/2 and its numerical value is
σ199,1/2 = 4.0× 10−13 cm2. The term Ioffset ac-
counts for light that cannot be absorbed by the
6
Hg atoms in the enriched 199Hg sample. For ex-
ample, this is light which is emitted by Hg isotopes
in the 204Hg bulb different than the ones present in
the enriched 199Hg sample. The laser light source
tuned to the center of an absorption line closely ap-
proximates the ideal condition for which we define
Ioffset = 0 V. The correction factor β is defined as
β =
1
n199 σ199,1/2
∑
X
nX σ
∗
X (12)
where nX is the number density of Hg isotope X
(198, 199, ...) and σ∗X is its the effective cross sec-
tion which is the absorption cross section averaged
over the probe light spectrum Φ(ν)
σ∗X =
1∫∞
−∞Φ (ν) dν
∫ ∞
−∞
σX (ν) Φ (ν) dν. (13)
Two different effects can contribute to the cor-
rection:
1. Light absorption by isotopes other than 199Hg
with modified cross section due to different
or missing hyperfine splitting (e.g. σ204 =
3σ199,1/2 or σ199,3/2 = 2σ199,1/2).
2. Modifications of the effective light absorption
cross-section of all Hg isotopes due to the light
spectrum emitted by the 204Hg discharge bulb
Φ (ν).
Two cases are of special interest for a monoisotopic
199Hg vapor. For the narrow bandwidth laser light
on resonance with the 199Hg F = 1/2 (F = 3/2)
line we find β = 1 (2). Assuming a Doppler-
broadened absorption cross section σ199,1/2 (ν) ∝
exp
(
− (ν−ν0)2
2ν2D
)
and Φ (ν) ∝ σ199,1/2 (as for an
ideal discharge lamp without isotope shift) results
in β = 1/
√
2. Here the center of the absorption line
is given by ν0 and νD is the Doppler width of the
absorption line.
After the pi/2 pulse (see Fig. 3) the atomic spins
precess in the plane perpendicular to B0 and thus
alternate between being parallel and anti-parallel
to the axis of the circular light polarization. There-
fore the absorption cross section for the mercury
vapor with atomic polarization P is modulated at
the Larmor frequency, ωHg,
σ (t) =
(
β − P
α
sin (ωHgt)
)
σ199,1/2. (14)
The factor α accounts for a possible reduction of
the modulation amplitude due to a modification of
the absorption cross section for the 199Hg F = 1/2
line
α =
σ199,1/2
σ∗199,1/2
. (15)
For a monoisotopic 199Hg vapor and the narrow
band laser light source on resonance with the 199Hg
F = 1/2 line α = 1, for an ideally Doppler-
broadened light source (no isotope shift) α =
√
2.
The time-dependent PMT signal is given by
I2 (t) = (I1 − Ioffset) e−n199 d σ(t) + Ioffset, (16)
Independently of the optical thickness of the atomic
vapor column (n199 d σ (t)). For an optically thin
vapor column (n199 d σ (t)  1) the exponential
function can be linearized while for a optically thick
vapor column (n199 d σ (t)  1) the exponential
term is the source of sigificant harmonic frequency
generation. In order to extract the amplitude of
the signal component oscillating at ωHg the expo-
nential function in (16) can be expanded in terms of
n199 d σ (t) [19] in an infinite series. While this ex-
pansion takes all the nonlinearity of the signal gen-
eration into account, it does not provide a closed ex-
pression for the FSP signal amplitude as. To a very
good approximation, the modulation signal ampli-
tude as can be approximated as half the difference
between the maximum and the minimum PMT sig-
nal at the beginning of the FSP (see Fig. 3)
as =
I2,max − I2,min
2
=
(I1 − Ioffset)
2
(
e−n199 σ199,1/2 d(β−
P
α )
−e−n199 σ199,1/2 d(β+Pα )
)
.
(17)
We will refer to this approximation as the ex-
tended FSP signal model. A comparison of the
small amplitude model presented in [13], the ex-
tended model of Eqn. (22) and the exact model
discussed in [19] is given in Fig. 4 as a function of
light absorption for a constant atomic polarization
P = 50 %. The signal amplitude as predicted by
(17) deviates less than 3 % from the exact model,
except when Ameas ≥ 80 % (corresponding to an op-
tical thickness n199 d σ (t) > 1.6.) This discrepancy
reflects that contributions to the amplitude mod-
ulation at ωHg caused by the terms proportional
to 1/(2m+ 1)! sin(2m+ 1)] (ωHgt) in the expansion
of Eqn. (16) have been neglected. As the maxi-
mum modulation amplitude occurs even with per-
fect atomic polarization below Ameas ≥ 80 % the
7
extended model is always a sufficient signal approx-
imation under the experimental conditions investi-
gated in this study.
5.2. Atomic polarization
To extract the degree of atomic polarization P of
the 199Hg atoms, n199 has to be determined from
the measured light absorption value Ameas
Ameas =
I1 − I2
I1
. (18)
This is different from the expected light absorption
if Ioffset and light absorption by non
199Hg isotopes
has to be taken into account
Acorr =
I1 − I2
I1 − Ioffset = 1− e
−n199 σ199,1/2 d β . (19)
The light absorption due to the 199Hg atoms alone
is given by
A199Hg = 1− e−n199 σ199,1/2 d = 1− (1−Acorr)
1
β .
(20)
The product β n199 σ199,1/2 d can only be deter-
mined as a function of the a priori unknown amount
of non-absorbable light:
β n199 σ199,1/2 d = − ln
(
1− I1 − I2
I1 − Ioffset
)
. (21)
Substituting (21) in (17) gives for the signal ampli-
tude as
as = (I2 − Ioffset) sinh
(
− P
αβ
ln
(
1− I1 − I2
I1 − Ioffset
))
.
(22)
Rearranging (22) for the atomic polarization P
gives
P = −αβ 1
ln
(
1− I1−I2I1−Ioffset
) arcsinh( as
I2 − Ioffset
)
.
(23)
From this expression it is clear that unaccounted
changes of α or β can be misinterpreted as changes
of the atomic polarization. A particularly sim-
ple example is the intensity dependent light spec-
trum of the 204Hg lamps which will be discussed in
Sec.8.1.
In the ideal case of Ioffset = 0, α = 1 and β = 1
the formula for the atomic polarization P simplifies
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Figure 4: A comparison of the signal amplitude predicted
by three different models for fixed 199Hg polarization P =
50 %: The small signal model from [13] ( ), the extended
signal model (22) ( ) and the exact signal model from
[19] ( ).
to
P =− 1
ln (1−Ameas) arcsinh
(
as
I2
)
=− 1
ln (1−Ameas) arcsinh
(
as
I1 (1−Ameas)
)
.
(24)
Using arcsinh (x) = ln
(
x+
√
1 + x2
)
in the lim-
iting case of small signal contrast x = as/(I1(1 −
Ameas))  1 the expression for the atomic polar-
ization as given in [13]
P = −
ln
(
1 + asI1(1−Ameas)
)
ln (1−Ameas) (25)
is recovered.
6. Measurement Configurations
To compare the 199Hg co-magnetometer signal
recorded with the 204Hg discharge bulb and the UV
laser, three measurement runs were performed with
an identical setup for optical pumping to polarize
the 199Hg atoms. The number of Hg atoms, and
thus the light absorption in the precession cham-
ber, was controlled by varying the temperature of
the HgO source which changes the dissociation rate
of HgO. The three different detection light configu-
rations were:
1. Configuration A: UV laser light with the
laser frequency stabilized to the 199Hg 6 1S0 →
6 3P1 F = 1/2 line (F = 1/2 line).
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2. Configuration B: UV laser light with the
laser frequency stabilized to the 199Hg 6 1S0 →
6 3P1 F = 3/2 line (F = 3/2 line).
3. Configuration C: A 204Hg discharge bulb
temperature stabilized to 40 ◦C as described in
[31].
The transmitted light beam was detected with
a solar-blind PMT (Hamamatsu 6834) outside of
the nEDM vacuum tank. The FSP signals were
recorded with the DAQ system of the nEDM ex-
periment. The gain of the PMT was adjusted such
that the DC signal values I1 and I2 could be digi-
tized with a 12-bit resolution (10 V range) analog-
to-digital converter (ADC). The ac signal compo-
nent was digitized after a second order multiple
feedback bandpass filter (Allen and Key topology,
measured center frequency fc=7.85 Hz and quality
factor Q = 5.06) at a sampling rate of 100 Hz. A
variable gain amplifier permits use of the full input
range of a 16-bit ADC (3.3 V ADC range) for vary-
ing signal contrast. The variable gain factor was
calibrated with a signal generator supplying a sine
wave of 7.85 Hz and known amplitude to the PMT
input of the nEDM DAQ system.
7. Data Analysis
The initial signal amplitude and the signal decay
time of the FSP were determined from the time
domain while the noise density was extracted from
the frequency domain after Fourier transform (FT).
To suppress filter charging effects due to the analog
bandpass filter, the first second of the recorded FSP
signal was discarded. To extract the initial FSP
signal amplitude, we perform a fit to the first second
of the remaining digitized ac part of the FSP signal
using the signal function
A0 cos (2piνt+ φ0) + CADC, (26)
with a constant amplitude A0, the
199Hg precession
frequency ν, a signal phase φ0, and CADC the mid-
dle ADC bin. After the analog band pass filter, the
amplitude of the residual contribution of the sec-
ond harmonic 2ωHg (caused by the non-linear na-
ture of Beer’s law) is typically on the order of 10−3
and can be neglected in the determination of the
atomic polarization and the signal contrast. But
the second harmonic has to be taken into account
for the frequency determination as it can create a
so-called early-to-late effect. The second harmonic
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Figure 5: The power spectral density (PSD) of a typical FSP
signal with and without signal windowing. While the PSD
of the non-windowed FSP signal ( ) is completely dom-
inated by the main peak around its center, one can extract
the noise floor in the vicinity of the peak from the PSD of the
windowed FSP signal ( ). The transmission function of
the analog bandpass filter is fitted to the windowed FSP sig-
nal (excluding regions of well peaked frequency components,
( )) to obtain an estimate of the PSD at the position of
the main peak ( ) .
decays with twice the decay rate of the fundamental
signal. At early times the second harmonic contri-
bution affects the frequency determined by a single
frequency fit. In addition the analog band pass fil-
ter introduces a phase delay between the input and
the output signal. This phase shift is ≈ pi/2 at
ωHg and pi at 2ωHg. Therefore the phase of the
second harmonic has to be a free parameter in the
frequency extraction fit.
To determine the SNDR at the signal frequency
the power spectral density of the noise below the
signal peak can be extracted via a discrete Fourier
transform (DFT, see Fig. 5). To extract the noise
density under the signal peak a Hann (Hanning)
window is applied to the FSP signal before the
DFT. The Hann window represents a good compro-
mise between broadening the peaks and suppress-
ing the leakage of spectral power into the frequency
bins around the center peak which can be much
larger than the noise floor in those bins. The DFT
with and without windowing are shown in Figure
5. The measured transmission function of the ana-
logue band pass filter with a constant white noise
background is fitted to the PSD of the windowed
signal outside of well defined signal regions and used
to determine the power spectral density of the noise
at the signal frequency.
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8. Discussion
8.1. Signal contrast
The signal contrast as/I1 is a convenient param-
eter to judge the 199Hg co-magnetometer perfor-
mance during regular operation since this ratio has
to have a maximum between zero light absorption
(Ameas = 0) and a completely opaque Hg vapour
Ameas = 1. For Ameas = 0 there are no atoms in
the precession chamber that could contribute to the
FSP signal. On the other hand no photons reach
the detector for Ameas = 1 and thus no FSP sig-
nal can be recorded. The exact Hg density that
yields the best signal contrast has to be determined
experimentally. This was done by slowly changing
the temperature of the Hg source while recording a
series of FSP signals. Figure 6 shows the signal con-
trast as a function of the measured light absorption
Ameas as obtained for the three different measure-
ment configurations.
For configuration A a value of (as/I1)
laser
F=1/2 =
13.1 % at Ameas ≈ 41.5 % was found. In con-
figuration B (as/I1)
laser
F=3/2 = 9.2 % was found at
Ameas ≈ 49.2 %. The difference in contrast and
in the position of the maximum between config-
urations A and B can be understood from the
199Hg hyperfine splitting shown in Figure 2. In the
best case (100 % atomic polarization, 100 % circular
light polarization) the light absorption cross-section
shows a modulation between 0 and 2σ199,1/2 for
the F = 1/2 line while the modulation is between
σ199,1/2 and 3σ199,1/2 for the F = 3/2 line. The
polarization independent part of the light absorp-
tion cross-section does not contribute to the ac sig-
nal component but reduces the overall transmitted
light level. Therefore the maximum signal contrast
is smaller and shifted to larger light absorption val-
ues for the F = 3/2 line. For configuration C a
maximum value of (as/I1)
bulb
40 ◦C = 2.6 % was found
at Ameas ≈ 11.1 %. This is similar to the results
reported in [13]. The following reasons have been
identified to explain the much smaller signal con-
trast of the 204Hg lamp based setup:
1. The emission lines of the 204Hg lamps are
Doppler-broadened, reducing the average light
absorption cross-sections.
2. Self-absorption (radiation trapping) causes a
strong deviation of the spectral emission profile
from a simple Doppler-broadened line shape
(“line reversal”). Extensive Monte-Carlo sim-
ulations of this effect have been performed in
the context of cylindrical Hg-Ar discharge light
bulbs [32]. A strong temperature dependence
is found by the authors as the mean free path
of the light in the discharge volume is inversely
proportional to the number density of mer-
cury atoms, which itself depends strongly on
the coldest spot temperature of the discharge
bulb. The emission profile resembles a double-
hump structure with a minimum at the atomic
transition line center, thus decreasing the ef-
fective absorption cross section for Hg atoms
outside of the discharge volume. These MC
simulations have been performed with mercury
of natural isotopic composition. We expect an
even stronger influence on the emission spec-
trum of our discharge lamps due to the high
degree of enrichment in 204Hg.
3. The self-absorption depends on the geometry
of the bulb and the buffer gas pressure, two
parameters that are not well under control dur-
ing the production process. Different bulbs can
emit significantly different light spectra at the
same operation temperature and RF excitation
power.
4. Emission lines of minority Hg isotopes are
present in the bulb’s light spectrum. Due to
the lower optical density, light emitted by the
minority isotopes suffers less self-absorption in
the lamp head and is thus emitted at higher in-
tensities than expected only from the mercury
isotope ratio. This causes a large Ioffset level.
5. To avoid line reversal the bulbs have to be run
at sub-room-temperature. This lowers the den-
sity of the Hg atoms in the plasma and thus
limits the achievable light output to several mi-
crowatt for the bulbs in use.
For the reasons given above the spectrum of the
discharge lamps depends on many parameters. In
addition we found a dependence on the microwave
power and the cavity mode that is most efficiently
driven which is a function of the plasma impedance
distribution. We observed discrete jumps in the
emission spectrum that are most likely due to
changes in the preferred cavity mode. In the setup
of the neutron EDM experiment it was not possi-
ble to measure a spectrum. Offline spectral anal-
ysis was not attempted since the conditions in the
experiment could not be reliably reproduced. In-
stead the lamp parameters were optimized to give
the best signal for the Hg magnetometer. For that
reason we cannot give a more detailed description
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Figure 6: Normalized ac signal components as/I1 measured
for three different readout light configurations as a function
of he measured light absorption Ameas: A) UV laser system
frequency stabilized to the 199HgF = 1/2 transition (◦) or
B) the 199HgF = 3/2 transition(♦), C) 204Hg discharge
lamp (•) temperature stabilized to 40 ◦C.
of the spectrum under the relevant conditions.
A detailed MC simulation of the not exactly
known, but complicated bulb shape used in the
nEDM experiment was not attempted. But strong
evidence that a combination of these factors ex-
plains the more than fivefold increase of signal con-
trast that was achieved with the UV laser frequency
stabilized to the 199Hg 6 1S0 → 6 3P1 F = 1/2 line
compared to the 204Hg bulb configuration is pre-
sented in the next section.
8.2. Polarization vs. Absorption
In the past, several studies have been initiated to
improve the signal contrast as/I1 of the
199Hg co-
magnetometer in the nEDM experiment in order
to achieve the signal to noise ratio required for the
next generation experiment, n2EDM. For example,
the achieved signal contrast as reported in [13] was
strongly dependent on the measured light absorp-
tion Ameas and much lower than achieved by the
HgEDM experiment [33]. One working hypothesis
was a high wall depolarization rate in the optical
pumping chamber. This would prevent the Hg va-
por from reaching a high equilibrium polarization.
Several different wall coating materials were studied
with the intention to achieve lower wall induced de-
polarization rates [34]. Unfortunately no significant
improvement was achieved. Another study aimed
at increasing the useful photon flux of the 204Hg
discharge bulb used for the optical pumping pro-
cess. Again the achieved polarization depended on
the specific 204Hg bulb used in the study and did
not provide a conclusive explanation of the lower
than expected signal contrast. All these studies re-
lied on the simplified mathematical model given in
(25) to extract a value for the apparent atomic po-
larization P from the detected signal contrast as/I1
and the measured light absorption Ameas.
The data presented in subsection 8.1 was
recorded with identical operation conditions of the
204Hg bulb used for the initial optical pumping of
the 199Hg vapor. The 199Hg vapor was always po-
larized to its equilibrium value as was verified by
changing the optical pumping time for configura-
tion A between 140 s to 212 s without finding any
difference in signal contrast. This means that the
preparation of the Hg atoms in all configurations
(A, B, and C) was identical. As a consequence
one expects to observe the same relation between
light absorption and atomic polarization no matter
which light source is used to probe the spins. Light
absorption A and atomic polarization P should only
depend on the processes in the polarization cham-
ber that lead to the equilibrium spin polarization.
Since the pump light power was kept constant only
the density of Hg atoms in the polarization chamber
(controlled via the Hg source temperature) should
influence the equilibrium. This density is experi-
mentally accessible as the light absorption A which
is thus chosen as the relevant x-axis in figures 7
and 8. The measurement result as presented in
Fig. 7 where the small signal amplitude model (25)
was applied to the data sets shown in Fig. 6 shows
a clear contradiction to this expectation. The re-
lation of Ameas and P is clearly different for the
three configurations due to the inaccurate extrac-
tion of those parameters in the small signal ampli-
tude model. Only data points for Ameas ≤ 80 %
have been taken into account (see Sec.5).
These discrepancies have motivated the develop-
ment of the extended signal model in order to un-
derstand the deviations between expectation and
observation, and among the observations them-
selves. If the extended model is plausible it must
be possible to find the expected common relation of
Ameas and P . In order to verify this we chose con-
figuration A (narrow linewidth laser light, locked
to the 199Hg F = 1/2 transition) as the reference
configuration. Here the small linewidth of the laser
justifies the assumption of α = 1 and parameter
β = 1.14 was calculated using the Hg vapor iso-
topic composition as given in the datasheet of the
supplier of the enriched Hg sample. The parame-
ters in the extended model were then adjusted to
find the same relation in configuration C. The ob-
11
parameter Ioffset/V α β
laser 0 1 1.14
lamp 4.63(7) 3.43(5) 0.375(25)
Table 1: Overview of the parameters Ioffset, α, and β used
to the achieve the common atomic polarization vs. 199Hg
equivalent light absorption scaling behavior for measure-
ments taken with the UV laser locked to the 199Hg F = 1/2
transition and with the Hg discharge lamp. Ioffset param-
eterizes light that does not interact with the atoms in the
precession chamber which is only the case for the lamp. α is
a reduction factor for the efficiency with which the AC part
of the signal due to the precessing 199Hg atoms is recorded.
β describes the efficiency with which the DC part of the sig-
nal is recorded. In the case of the laser β is larger than one
due to isotopes present in the precession chamber that ab-
sorb stronger than 199Hg while for the lamp β is smaller than
one because the broad spectrum more than compensates the
increase due to isotopic composition.
tained values for P are shown in Fig. 8 as a function
of A199Hg. It was found that an empirical three pa-
rameter function
P (A199Hg) =
1
M1 +M2A199Hg +M3A
2
199Hg
, (27)
with M1 = 1.49, M2 = −0.266 and M3 = 5.16, de-
scribes the scaling behavior of P vs. A199 very well.
These parameters encode the details of the optical
pumping process and the pre-polarization chamber
surface properties which where not the target of this
study. In order to determine α, β and Ioffset for con-
figuration C all three parameters were varied such
as to minimize the mean squared distances between
the extracted atomic polarization and the heuristic
interpolation function (27). The best agreement
is obtained for α = 3.43(5), β = 0.375(25), and
Ioffset = 4.63(7)V . We estimate the uncertainty of
α, β, and Ioffset as the deviation from the optimal
parameter set as obtained from a four parameter
interpolation function
P (A199Hg) =
1
M1 +M2A199Hg +M3A
2
199Hg +M4A
3
199Hg
,
(28)
with M1 = 1.45, M2 = 0.191, M3 = 3.68 and
M4 = 1.42. Both interpolation functions are shown
in Fig. 8.
The two data sets now show an excellent agree-
ment of their scaling behavior. Table 1 compares
the extracted correction factors α, β and Ioffset for
the bulb light source and the laser. The factor
α = 3.43(5) indicates a strong line reversal effect
that decreases the effective absorption cross sec-
tion drastically. Caused by the high optical den-
sity for light emitted by 204Hg atoms in the bulb
head only photons in the wings on the emission
line escape efficiently. But these photons have a
drastically reduced absorption cross section com-
pared to light on resonance with 199Hg atoms. The
factor β = 0.375(25) indicates strong light absorp-
tion by isotopes other than 199Hg. These isotopes
are also present in the Hg discharge bulb but with
significantly reduced optical density for their reso-
nance light. Therefore light emitted by these iso-
topes does not suffer from a strong line reversal ef-
fect and can be absorbed by the atoms of the same
residual isotopes present in the enriched 199Hg va-
por. The atoms contribute to the number of pho-
tons but don’t contribute to the ac signal compo-
nent and thus reduce the signal to noise ratio. The
large value of Ioffset indicates that nearly 50 % of
the dc ADC input range in configuration C was oc-
cupied by light that is not absorbed at all. This
light fraction does not contribute to the signal, but
constitutes an extra source of noise.
We conclude that the extended signal model for
the 199Hg co-magnetometer signal provides a coher-
ent analysis framework to take the isotopic compo-
sition of the enriched 199Hg vapor and the readout
light spectrum into account. Furthermore, we have
to conclude that the atomic polarization achieved in
earlier experiments was already much higher than
reported and efforts for improvements of the 199Hg
co-magnetometer might have been misguided by
the unaccounted effects of the 204Hg discharge lamp
spectrum.
8.3. Signal to Noise Ratio
The initial SNDR of each FSP has been deter-
mined for the typical running conditions in con-
figurations A and C. The SNDR achieved for the
204Hg bulb is ≈ 1410(110)√Hz. A data taking
sequence over the course of 17 hours is shown in
Fig. 9. For the UV laser system resonantly driv-
ing the 199Hg F = 1/2 transition we find initial
SNDR = 7860(1380)
√
Hz. We were able to oper-
ate the laser based system for more than one day
without interruption as can be seen in Fig. 10. Dur-
ing time periods where no measurement points are
shown the laser dropped out of its wavelength-lock
due to a (conservatively set) software limitation of
the PID loop.
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Figure 7: Atomic polarization for the data sets given in Fig-
ure 6 determined with the small signal amplitude model,
as given by (25) [13], for Ameas ≤ 80 %. The three dif-
ferent readout light configurations are: UV laser frequency
stabilized to the 199HgF = 1/2 transition (◦, 212 s optical
pumping time (opt)) or the 199HgF = 3/2 transition (♦,
212 s opt) and the 204Hg discharge lamp (•, 140 s opt) tem-
perature stabilized to 40 ◦C.
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Figure 8: The parameters Ioffset, α and β of the extended
model can be adjusted in the analysis of the 204Hg dis-
charge bulb based measurements () such that the deter-
mined atomic polarization shows the same scaling behavior
as for the measurements performed with the laser frequency
stabilized to the 199Hg F = 1/2 transition (◦). The opti-
mum parameters to minimize the mean squared distance of
the corrected lamp detected data set to the three parameter
interpolation function ( ) are given in table 1. The alter-
native four parameter interpolation function is also shown
( )
Figure 9: The achieved signal-to-noise-density ratio for the
199Hg magnetometer with a 204Hg discharge bulb at 40 ◦C
over a period of 17 h.
Figure 10: The achieved signal-to-noise-density ratio for the
199Hg magnetometer with the UV laser frequency stabilized
to the 199Hg F = 1/2 line over a period of more than 66 h.
The frequency stabilization failed several times due to a
strong weather change. The change in ambient air pressure
(by about 30 mbar) would cause an uncompensated shift of
the laser frequency by about 600 MHz. The PID controller
for the frequency stabilization reached its pre-set (software)
limits of its control output. The PID controller can easily
compensate such large changes with increased output limits.
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9. Summary
This work demonstrates the significant improve-
ment in signal quality that can be achieved by us-
ing a laser system instead of a discharge lamp as
the light source for 199Hg co-magnetometer read-
out in experiments searching for a nEDM. We could
demonstrate that the lamp-based readout was suf-
ficient for the PSI nEDM experiment in the 2015
and 2016 data runs. The laser based readout offers
an improvement in signal to noise ratio by a factor
of 5.5. An extended model of the FSP signal de-
pendence on 199Hg density was developed in order
to understand the factors that contribute to this
significant improvement. The main conclusion is
that the absorption cross section for the light gen-
erated by the discharge lamp is significantly smaller
than for light resonant with the 199Hg atoms. In
addition, the lamp generates a large amount of off-
resonant UV light that does not contribute to the
absorption signal but can induce, for example, in-
tensity dependent Larmor frequency shifts (vector
light shift).
The laser based readout was investigated as an
option for the next generation nEDM experiment at
PSI. Assuming an acceptable increase in statistical
uncertainties due to the co-magnetometer correc-
tion (see Sec. 2) of 5% the laser based 199Hg mag-
netometer performance is good enough for an eight
fold improvement in nEDM sensitivity. Given that
future nEDM experiments will feature two indepen-
dent precession volumes (and thus two 199Hg co-
magnetometers) the total improvement in nEDM
sensitivity is further increased by a factor
√
2. Tak-
ing this into account, the demonstrated signal qual-
ity is sufficient for an eleven fold improvement of
statistical nEDM sensitivity compared to the per-
formance of the PSI nEDM experiment in the 2016
data run of δdn ≈ 1× 10−25 e · cm per day. We
conclude that laser readout will be a necessary
component for nEDM experiments using Hg co-
magnetometers with total sensitivities in the low
10−27 e · cm range.
Past neutron EDM experiments like the one per-
formed at ILL[5, 4] or our own effort at PSI relied
on spectral lamps while future experiments will all
be based on lasers. The derived signal model per-
mits the analysis of lamp- and laser-based data in a
common and consistent framework. This is partic-
ularly useful in studies that combine data sets from
different experiments like the search for axion-like
particles [35] which in the future will probably com-
bine data sets with Mercury magnetometers using
spectral lamps and lasers.
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